We have utilized an efficient method to enrich cDNA libraries for novel genes and genes responsive to drought stress in rice (Oryza sativa L. subsp. indica). We separately constructed standard and normalized cDNA libraries from leaf tissue of rice seedlings grown under controlled drought stress. Sequencing from the 3′ end was performed on 1000 clones from the normalized leaf cDNA library and 200 clones from the standard leaf cDNA library. For the first 200 clones, the clone redundancy in the non-normalized library was about 10%, compared with 3.5% in the normalized cDNA library. Comparison of these cDNAs with the sequences in public databases revealed that 28.2% of the expressed sequence tags (ESTs) from the normalized library were novel. Clones from the standard and normalized leaf libraries and a root library uncovered numerous cDNAs that are highly homologous to known droughtresponsive genes including those that encode metallothioneins, late embroyonic abundant (LEA) proteins, heat-shock proteins, cytochrome P450 enzymes, catalases, peroxidases, kinases, phosphatases, and transcription factors.
Introduction
Rapid advances in genomic technologies are leading to an increased understanding of global gene expression in plants.
Numerous projects are aimed at identifying and characterizing the full set of transcribed genes (transcriptome) in target organisms. Large-scale cDNA sequencing projects have identified expressed sequence tags (ESTs) and provide an effective means of identifying expressed genes in organisms across all kingdoms. Ideally, ESTs generated from a total cDNA library should represent all the expressed genes in the tissue from which the library was constructed. However, the expression patterns of different genes in a given tissue yield mRNAs that differ in abundance, making it difficult to capture rare mRNAs from cDNA libraries. This problem also leads to redundant sequencing of clones representing the same expressed genes, thereby affecting the efficiency and cost effectiveness of the EST approach (Bonaldo et al. 1996) . To overcome the redundancy problem in large-scale cDNA sequencing projects, several laboratories have used cDNA library normalization. In theory, a normalized cDNA library approach will generate uniform abundances of cDNA classes within the library. Different methods for construction of normalized cDNA libraries from a variety of tissues and organisms have been reported (Weissman 1987; Patanjali et al. 1991; Soares et al. 1994) . Normalized cDNA libraries developed from different human tissues and organs have proven effective in representing rare and low-abundance mRNAs (Bonaldo et al. 1996) . Recently, normalized cDNA libraries have been constructed for Arabidopsis (Asamizu et al. 2000a) , Lotus japonicus (Asamizu et al. 2000b) , and Triticun aestivum (Ali et al. 2000) .
Rice (Oryza sativa L.), the most important world food crop, has now emerged as a model crop plant for genome analysis. To date, over 75 000 rice ESTs are available in the dbEST database (http://www.ncbi.nlm.nih.gov/dbEST/ dbEST_summary.html). These ESTs were mostly from O. sativa L. subsp. japonoica. Large-scale EST data are not available for O. sativa L. subsp. indica, which is grown in a wide range of agroclimatic conditions ranging from deep water to dry land environments. In a typical year, abiotic stresses decrease rice yields by about 15% in Asia, more than twice the damage caused by biotic stresses (Dey and Upadhaya 1996) . In particular, drought stress is the major cause of yield instability in rice production across diverse crop ecosystems. Its multigenic, incompletely penetrant, quantitative nature makes it difficult to breed for drought tolerance. Furthermore, the drought stress response in plants involves an array of different pathways associated with stress perception, signal transduction, gene expression, and synthesis of a number of compounds. Given this complexity of the drought response, a large-scale EST approach would assist gene discovery and genetic engineering of rice for drought tolerance. Several drought stress responsive genes were identified from ESTs generated from abscisic acid (ABA) treated and desiccated moss cDNA libraries (Machuka et al. 1999; Wood et al. 1999) . Recently a full-length cDNA microarray has been used to study drought-and coldresponsive genes in Arabidopsis (Seki et al. 2001) . To date, a large-scale EST approach has not been utilized for gene discovery in drought-stressed rice plants.
We report here, for the first time, large-scale EST development from cDNA libraries constructed from drought-stressed leaf and root tissues of an upland O. sativa subsp. indica cultivar, Nagina 22. We demonstrate the efficiency and costeffectiveness of the normalization method in enriching the leaf cDNA library for novel ESTs and identifying stress responsive genes in rice.
Materials and methods

Plant material and water stress treatment
Nagina 22 is an early maturing, deep-rooted, droughttolerant cultivar adapted to upland conditions. Rice seedlings were grown in pots (3 seedlings/pot) with top vertisol soil maintained at defined field capacity (FC) in a Conviron growth chamber (Conviron, Winnipeg, Man.) simulating upland growth conditions. Field capacity is defined as the amount of water held in the soil after excess water has drained away and the rate of downward movement of water has perceptibly decreased. The control plants were grown at 100% FC, which is the maximum amount of water retained by the soil at saturation. FC of the soil was calculated as in Singh and Vittal (1997) . The seedlings were maintained at 32 ± 1°C during the day and 20 ± 1°C during the night in 60% relative humidity. A photoperiod of 11 h light : 13 h dark was used throughout this experiment. One-month-old seedlings grown at 70% FC were subjected to drought stress by regulating water supply to gradually reach 50% FC. Leaf and root samples were harvested at 50% FC between 11:00 and 13:00. At each sampling point, leaf relative water content (RWC) was measured from the mid-portion of the leaf.
Construction of cDNA libraries
Total RNA was isolated from drought-stressed leaf and root samples using Trizol reagent (Life Technologies, Rockville, Md.). Poly(A + ) RNA was purified from total RNA using Oligotex suspension (Qiagen GmbH, Hilden, Germany). First-strand cDNA was synthesized by priming poly(A + ) RNA with the NotI-(dT) 18 (Amersham Pharmacia Biotech, Uppsala, Sweden) oligonucleotide primer (5′-TGT-TACCAATCTGAAGTGGGAGCGGCCGCACAA(T) 18 -3′) using Superscript reverse transcriptase (Life Technologies); second-strand cDNA synthesis and blunt ends were made as described by Soares and Bonaldo (1997) . EcoRI adapters (Amersham Pharmacia Biotech) were added to doublestranded cDNAs that had been size selected and blunt ended. The phosphorylated cDNAs were digested with NotI and cloned into EcoRI-and NotI-digested phagemid vector pT7T3-Pac (Bonaldo et al. 1996) . The pT7T3-Pac vector is essentially the same as pT7T318D (Amersham Pharmacia Biotech) except that it has a slightly different polylinker. The M13 reverse primer (5′-AGCGGATAACAATTTCACA-CAGGA-3′) homology is located 50 bp upstream from the SfiI site and the M13 universal-sequencing primer (5′-GTT-TTCCCAGTCACGAC-3′) homology is located 53 bp downstream from the HindIII site. Furthermore, the T7 promoter primer (5′-TAATACGACTCACTATAGGGA-3′) homology is 4 bp upstream from the SfiI site and the T3 promoter primer (5′-TCCCTTTAGTGAGGGTTAAT-3′) homology is only 2 bp downstream from the HindIII site. The cDNA library constructed in pT7T3-Pac was amplified in Eschericia coli DH10B (Life Technologies) electrocompetent cells using Gene Pulser (Bio-Rad, Hercules, Calif.). The library was size selected on an agarose gel for an insert size of above 300 bp and extracted from the gel using the Qiagen gel extraction kit.
Normalization
The normalization procedure was essentially according to Bonaldo et al. (1996) and Soares and Bonaldo (1997) with some modifications. Single-stranded DNA (ssDNA) was prepared from the directionally cloned cDNA library using helper bacteriophage M13K07 (Amersham Pharmacia Biotech). ssDNA was incubated with PvuII (New England Biolabs, Beverly, Mass.) and purified using the Bio-Gel HTP hydroxyapatite (HAP) column (Bio-Rad). The driver DNA was prepared by PCR amplification of ssDNA using T7 and T3 primers and Taq DNA polymerase (Qiagen). The PCR products were purified using Centrisep spin columns (Princeton Separations, Adelphia, N.J.). Hybridization of driver with ssDNA tracer was performed in the presence of a 5′-blocking oligo, a 3′-blocking oligo, and a tail-blocking oligo (poly(A)) (Amersham Pharmacia Biotech) in the presence of 50% formamide. The reaction mixture was heated to 80°C for 3 min and reassociation was carried out in the presence of 120 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1% SDS at 30°C. The reaction was allowed to proceed for 22 h to achieve the calculated C 0 t value of 5 s-mol/L. The fraction that remains ssDNA after reassociation represents the unamplified, normalized library, which was subsequently purified from the reassociated molecules by chromatography on HAP columns. The reassociation reaction mixture was adjusted to 0.11 M sodium phosphate (pH 6.8), 10 mM EDTA, and 1% SDS. This mixture was loaded onto a HAP column (glass jacketed; Bio-Rad) that had been prewarmed to 40°C. The column was subsequently heated and maintained at 60°C. The eluate was collected and reloaded onto the column for the second time. Using radiolabelled ssDNA, the ssDNA fraction was found to elute at 0.1 M SP buffer (0.1 M sodium phosphate (pH 6.8), 10 mM EDTA, and 1% SDS) and dsDNA was found to elute at 0.4 M SP (0.4 M sodium phosphate (pH 6.8), 10 mM EDTA, and 1% SDS). The column was washed twice with 3 mL of 0.1 M SP buffer to elute the ssDNA. ssDNA eluted from the HAP column was concentrated by butanol extraction and ethanol precipitation. ssDNA was converted into partial duplexes by controlled primer extension using the bacteriophage M13 forward primer 5′-GTAAAACGACGGCCAGT-3′ and Sequenase (Amersham Pharmacia Biotech). Partial duplexes were then transformed into E. coli DH10B by electroporation. The plasmid DNA prepared from these bacteria represents the amplified normalized cDNA library.
Sequencing and analysis of ESTs
Randomly selected clones from all libraries were partially sequenced from the 3′ end on an ABI 3700 (Perkin Elmer, Foster City, Calif.). Base calling was done using phred (Ewing and Green 1998) and sequences were assembled using phrap to estimate redundancy and viewed using consed (Gordon et al. 1998 ). The ESTs were further analyzed using BLASTX and BLASTN. ESTs were defined as redundant when they exhibited more than 95% identity over aligned regions or to the same database accession.
Results and discussion
Experimental strategy
Molecular approaches towards understanding the drought response in rice are largely confined to studies on individual drought-responsive genes and gene products. Genomic approaches to analyze drought-responsive genes in rice have not been reported. To study global gene expression under drought stress, we constructed cDNA libraries from leaf and root tissues of drought-stressed rice seedlings. The physiological status of the leaf material at 50% FC was primarily assessed by RWC and only the samples exhibiting RWC of 50-60% were selected for the cDNA library preparation. Control plants at 100% FC showed 95% RWC. The seedlings at 50% FC exhibited clear symptoms of drought stress such as leaf rolling and basal leaf senescence. The rationale of growing plants at 70% FC and then gradually reducing the moisture level to 50% FC is to enrich the library with genes involved in stress response and adaptation rather than shock as the result of severe stress. The standard leaf cDNA library made from poly(A + ) RNA of these samples contained about 200 000 recombinant clones with insert sizes ranging from 300 to 1500 bp, where the median was about 800 bp. The root standard library, after size fractionation, contained about 5000 clones with an average insert size of about 800 bp.
Normalization and generation of ESTs from the stressed leaf cDNA library
The normalization of a standard leaf cDNA library using the modified procedure of Bonaldo et al. (1996) yielded about 25 000 clones. Randomly picked clones from this normalized cDNA library were partially sequenced from the 3′ end. About 1000 high quality (phred score > 20) ESTs were generated and analyzed using the BLAST algorithm (Altschul et al. 1997 ) applied to the current GenBank database. Similarly, 200 ESTs generated from the standard leaf cDNA library were also analyzed. Phrap analysis revealed a redundancy of about 3.5% in the normalized leaf library compared with 10% in the standard library for the first 200 clones analyzed (Table 1 ). The frequency of redundant clones among ESTs from the normalized leaf cDNA library also was calculated for all 1000 ESTs (Fig. 1 ). ESTs were defined as redundant when they gave a BLASTX or BLASTN hit to the same accession number or when they exhibited more than 95% identity over aligned regions and were assembled in a single contig. Of the 1000 normalized leaf ESTs, 735 were unique, 62 were represented twice, 16 were found three times, 17 were found four times, and 5 appeared five times. Novel genes were defined as ESTs not showing a match to any other nucleotide sequences in the database by a cut off E value of 10 -6 . Novel ESTs constituted only 5% of the ESTs of the non-normalized library as compared with 28.2% of the normalized library. Beyond this greater than fivefold increase in novel ESTs, normalization also yielded a greatly reduced redundancy of cDNAs in the library. Hence, we feel that this is a very cost-effective procedure for large-scale EST generation and gene discovery.
Putative genes identified from ESTs of leaf and root cDNA libraries
ESTs generated from leaf and root cDNA libraries were screened against the current GenBank database using the BLAST algorithm. Putative functions of the ESTs were assigned after applying a stringency level of E value of 10 -6 . A total of 718 out of 1000 ESTs from the normalized leaf cDNA library showed significant similarity to known sequences in the database. The remaining 282 ESTs did not show significant homology to any known sequences in the databases and were deemed novel. ESTs with matches in the database were classified based on their putative function (Fig. 2) . Genes involved in metabolism constitute the most abundant class among ESTs. Genes related to drought-stress response are highly represented among ESTs from stressed seedlings.
Metallothionein-like genes turned out to be the most abundant class in the normalized leaf library. In an earlier study of transcript profiling of rice seedlings using serial analysis of gene expression (SAGE), metallothionein-like sequences were found to be an abundant class, suggesting that they might perform essential functions of plant growth besides metal detoxification (Matsumura et al. 1999) . Such predicted functions include cell wall lignification, cell elongation (Omann et al. 1994; Yu et al. 1998) , and reducing the concentration of free metal ions in the cell to prevent the increase of reactive oxygen species under water stress conditions (Batt et al. 1998) . They are also reported to be upregulated upon salt stress in rice (Kawasaki et al. 2001) . Several ESTs showed significant sequence similarity to genes that had already been shown to be affected by ABA, drought, and other environmental stresses in different plants (Table 2) . Examples include glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Velasco et al. 1994) , aldolase (Michelis and Gepstein 2000) , rd22 (Yamaguchi-Shinozaki and Shinozaki 1993), late embryonic abundant (LEA) proteins (Baker et al. 1988; Close et al. 1989; Xu et al. 1996) , and heat-shock proteins (Vierling 1991) . Genes for a variety of transcription factors that contain typical DNA binding motifs, such as dehydration responsive element binding (DREBIA) protein, MYB, MYC, AP2, and zinc fingers that have been reported as stress inducible (Shinozaki and Yamaguchi-Shinozaki 1999) , were also identified among these ESTs, as were many classes of protein kinases, such as mitogen activated protein (MAP) kinases, calcium-dependent protein kinase (CDPK), and protein phosphatases that were demonstrated to be either stress inducible or upregulated by dehydration (Mizoguchi et al. 1996; Shinozaki and Yamaguchi-Shinozaki 1997; Xu et al. 1998 ). Other genes include those implicated in oxidative stress response such as catalases, peroxidases, and glutathione S-transferase. In fact, a significant number of these ESTs are found to be up-regulated by salt stress in rice roots as revealed by microarray data (Kawasaki et al. 2001 ). These genes include homologues of glutathione Stransferase, LEA, S-adenosylmethionine decarboxylase, Sadenosylmethionine synthetase, water channel proteins, CDPK, peroxidase, calmodulin, ascorbate peroxidase, and asr1 (ABA-and stress-responsive protein). Similarly, a comparision with gene expression profiles of Arabidopsis under drought and cold stress also revealed a number of common genes such as those for LEA, ascorbate peroxidase, enolase, glycine-rich protein, thioredoxin, catalase, and ethylene-responsive element binding protein (Seki et al. 2001) . Our EST collection therefore represents a rich source of drought-responsive genes and will be useful in expression analysis in rice and other grasses.
Mining for SSRs (simple-sequence repeats) among the ESTs from our leaf library resulted in the identification of 101 SSRs represented by 8 dinucleotide, 53 trinucleotide, 34 tetranucleotide, and 6 pentanucleotide repeats (data not shown) that can be useful in marker development and molecular mapping strategies. The limited data from 300 ESTs of our root library show the expression of many classes of kinases, perhaps in accordance with the likelihood that roots are the first organs of drought stress perception and signal transduction (Table 3) . Although three different GAPDH clones were identified in the root cDNA library, only one of them was found among 1000 ESTs from the leaf cDNA library. Interestingly, the most redundant classes of genes in the root library are cytochrome P-450 oxidases and serine (threonine) protein kinases. With these limited data, it is not possible to interpret the role of cytochrome P-450 enzymes in the drought stress response in rice. In summary, our results highlight a simple and cost-effective method to enrich the cDNA libraries for novel genes and drought stress responsive genes in rice.
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Conclusions and perspectives
Plant ESTs have been increasingly used in analyzing global gene expression and function, and as markers and probes in genome mapping (Ewing et al. 1999) . Several large-scale rice EST projects are underway (Sasaki et al. 1994; Umeda et al. 1994; Yamamoto and Sasaki 1997) ; however, of more than 75 000 rice entries in dbEST, only a few are from stressed whole plants (Kawasaki et al. 2001) . No entries represent ESTs from drought-stressed rice plants. Large-scale EST projects are often compromised by high redundancy and thus an increased cost of novel gene discovery. In this project, we report a cost-effective way of reducing the redundancy and increasing the novel gene component using normalized cDNA libraries. We are generating more ESTs from our leaf and root cDNA libraries and will use these in high-throughput analyses of gene expression patterns. Our ongoing experiments in EST generation, mapping, and expression analysis will help in identification of novel genes involved in drought tolerance in rice.
